and human. In this study we further analyse the potential similarities and differences between ENS development in zebrafish, mouse and human. We demonstrate that zebrafish Ret is required in a dose-dependent manner to regulate colonization of the gut by neural crest derivatives, as in human. Additionally, we show that as in mouse and human, zebrafish ret is produced as two isoforms, ret9 and ret51. Moreover, we show that, as in mouse, the Ret9 isoform is sufficient to support colonization of the gut by enteric neurons. Finally, we identify zebrafish orthologues of genes previously identified to be expressed in the mouse ENS and demonstrate that these genes are expressed in the developing zebrafish ENS, thereby identifying useful ENS markers in this model organism. These studies reveal that the similarities between gene expression and gene function across vertebrate species is more extensive than previously appreciated, thus supporting the use of zebrafish as a general model for vertebrate ENS development and the use of zebrafish genetic screens as a way to identify candidate genes mutated in HSCR cases.
Introduction
The enteric nervous system (ENS) forms part of the peripheral nervous system and is responsible for coordinating many aspects of gut function, including regulation of muscular contractions of peristalsis, control of blood flow, and secretions of water and electrolytes (reviewed in Heanue and Pachnis, 2007; Newgreen and Young, 2002a,b) . The ENS is derived from migratory neural crest cells, which in the mouse derive primarily from the vagal region, although a small 0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.04.006 contribution is also made from anterior trunk neural crest and sacral neural crest. Vagal neural crest cells that emigrate from the neural tube and invade the developing foregut are termed enteric neural crest-derived cells (ENCCs) and migrate in a rostral to caudal direction to colonize the full length of the developing gut. These ENCCs differentiate into neurons and glial cells and become organized into a series of interconnected ganglia that form an outer myenteric plexus and an inner submucosal plexus. A fully colonized gut containing the correct number and diversity of neurons and glial cells in both plexi is required to regulate the organized rhythmic contractions of peristalsis. Hirschsprung's disease (HSCR), affecting 1:5000 live births, is characterized by absence of enteric neurons in distal gut regions, which leads to contraction of the affected segment, resulting in obstruction and distension of the proximal bowel (megacolon).
In mouse and human, the RET receptor tyrosine kinase is required for normal ENS development (Brooks et al., 2005; Schuchardt et al., 1994) . In mice, Ret is expressed by migratory ENCCs as they colonize the developing gut and continues to be expressed in differentiated neurons (Durbec et al., 1996; Young et al., 2003) . Mice homozygous for a Ret null mutation exhibit a complete absence of enteric neurons in the intestine (total intestinal aganglionosis), due to apoptosis of enteric precursor cells and thus a failure of ENCC migration (Durbec et al., 1996; Schuchardt et al., 1994) . In humans, mutations in RET are one of the main causes of HSCR, accounting for over 50% of familial cases (Brooks et al., 2005) . Alternative splicing of the primary Ret transcript results in the generation of two isoforms: Ret51, encoding 51 unique C-terminal amino acids, and Ret9 encoding 9 unique C-terminal amino acids (Tahira et al., 1990) . The amino acid differences generate unique intracellular domains, which in turn lead to differences in protein interactions (reviewed in Plaza-Menacho et al., 2006) . The significance of these differences was revealed using genetic manipulations in mice (de Graaff et al., 2001) . Mice engineered to express uniquely the Ret9 isoform (Ret 9/9 ) exhibit normal colonization of the intestine by enteric neurons (de Graaff et al., 2001; Jain et al., 2006) . Alternatively, mice engineered to express only the Ret51 isoform (Ret
51/51
) exhibit an absence of enteric neurons in the distal portion of the intestine (de Graaff et al., 2001 ). These results demonstrate that RET9 is sufficient to support normal ENS development, whereas RET51 is dispensable during ENS development. Moreover, these studies raise the likelihood that the protein interactions that occur uniquely on RET9 are essential for normal ENS development.
Recent findings have suggested that ENS development uses similar genetic mechanisms across a range of vertebrate species. In particular, zebrafish ENS development has many morphological and molecular similarities to mouse and human ENS development (Wallace et al., 2005; Wallace and Pack, 2003) . The zebrafish ENS derives from vagal neural crest which express ret and migrate in a rostral to caudal direction to colonize the gut (Shepherd et al., 2004) . Moreover, a number of genes whose requirement for normal ENS development was first demonstrated in mouse or humans, including Ret, GDNF (encoding a RET ligand), Gfra1 (encoding a RET coreceptor), and the transcription factors Sox10 and Phox2b, have subsequently been shown to have orthologues with analogous functions during ENS development in zebrafish (Brooks et al., 2005; Dutton et al., 2001; Elworthy et al., 2005; Shepherd et al., 2001 Shepherd et al., , 2004 .
These similarities highlight the zebrafish as a very useful genetic organism for identifying genes that play universal roles in vertebrate ENS development. However, significant differences are apparent in the development of the ENS in mouse and zebrafish. Mammalian ENCCs migrate through the gut mesoderm as a network of interconnected cells (Druckenbrod and Epstein, 2005; Young et al., 2004) , whereas zebrafish enteric precursors migrate as two separate streams of cells on either side of the gut mesoderm (Elworthy et al., 2005; Shepherd et al., 2004) , suggesting differences to the cellular behaviours during migration. While proliferation is observed at equivalent levels throughout the network of migrating mammalian ENCCs (Young et al., 2004) , zebrafish enteric precursors show the highest levels of proliferation in the caudal-most migratory cells (Pietsch et al., 2006) , indicating differences in the mechanism regulating ENS cell number. Further differences in zebrafish include an absence of a submucosal plexus, no evidence for a sacral neural crest contribution to the ENS, and a simpler repertoire of neuronal subtypes (Anderson, 1983; Wallace et al., 2005; Wallace and Pack, 2003; Watson, 1979) .
Because zebrafish is an increasingly attractive model organism for study of the ENS, especially for the ability to perform forward genetic screens, it is important that we establish the extent of similarities between mammalian and zebrafish ENS development. Zebrafish genetic screens have been fruitful and are yielding large numbers of mutations affecting ENS number and distribution, and gut motility (Kuhlman and Eisen, 2007; Pietsch et al., 2006) . It is hoped that the mutations identified in zebrafish screens will facilitate study of ENS development within this important model organism, but also that genes identified through these studies will have roles in ENS development more broadly, in particular that they might identify new candidate HSCR loci. However, such an aim requires that the similarities between zebrafish and mammalian ENS development outnumber the differences.
To determine the extent of similarities amongst ENS development in vertebrates, we have first analyzed Ret function and Ret isoform function in zebrafish. We show that Ret is required in a dose-dependent manner for complete colonization of the gut by enteric neurons, as in human. Moreover, we show that ret is produced in two isoforms, ret9 and ret51, as in mouse and human, and that Ret51 is dispensable for normal colonization of the gut by enteric neurons, as has been demonstrated in mouse. Secondly, we had previously used a microarray screen to identify hundreds of ENS expressed genes in mice (Heanue and Pachnis, 2006) . We have now demonstrated that zebrafish orthologues of a select number of these genes exhibit similar expression profiles during zebrafish ENS development as their mouse counterparts. Taken together, these findings provide strong evidence for similarities in the mechanisms regulating ENS development in zebrafish, mouse and human, and further validate the use of zebrafish as an important model for studying vertebrate ENS development.
Results

Zebrafish ret generates ret9 and ret51 isoforms
The differential activity of the murine RET isoforms (RET9 and RET51) in vivo raises the question as to whether these differential activities of RET are conserved in other vertebrate species. To address this issue, we first examined the capacity of zebrafish ret to encode an isoform compliment equivalent to that observed in mammalian species. We, and others, have previously reported that zebrafish ret is capable of encoding the ret51 isoform (Bisgrove et al., 1997; , but it is currently unknown whether it can also generate the ret9 isoform. We therefore compared the cDNA and genomic sequences representing the zebrafish ret, mouse Ret, and human RET loci. This analysis revealed striking similarities between the products of these loci in the three organisms.
In mouse, human and zebrafish, the Ret51, RET51, or ret51 isoform transcript is generated when exon 19 is spliced to exon 20, which encodes the carboxy terminal 51 amino acids that are specific to this isoform ( Fig. 1A) (Tahira et al., 1990; Carter et al., 2001) . In mouse and human, failure of this splicing event results in continuation of the open reading frame of exon 19 directly into intron 19, which encodes the carboxy terminal 9 amino acids specific to RET9 (Tahira et al., 1990) ( Fig. 1A) . We observe that in zebrafish ret, the intronic sequence following exon 19 also encodes for the same nine amino acids found in mouse and human RET9 (Fig. 1B) , a finding that is consistent with the identification of RET9 encoding sequences within intronic regions of other vertebrate species (Carter et al., 2001) . To test whether the zebrafish ret locus generates both isoform transcripts, we designed primers specific for either ret9 or ret51for use in RT-PCR. Our experiments reveal that mRNAs corresponding to ret9 and ret51 are produced in zebrafish ( Fig. 1C) . This finding demonstrates a remarkable evolutionary conservation of the transcriptional organization of the mouse Ret, human RET, and zebrafish ret loci and of the amino acid sequences of corresponding isoforms. Moreover, this result suggests that comparable molecular events can occur on the mouse and human RET and zebrafish Ret receptor to mediate specific events during embryonic development in these diverse vertebrate species.
2.2.
Zebrafish Ret is required in a dose-dependent manner for complete colonization of the gut by enteric precursors
To directly test the role of the Ret isoforms in zebrafish, we took advantage of the ability of morpholino oligos to either bind sequences surrounding the initiator codon of mRNAs to block translation initiation or to bind splice junctions of primary transcripts to block specific splicing events. As the requirement for RET in ENS development is highly conserved (reviewed in Heanue and Pachnis, 2007) , we compared the effects of translation blocking or splice blocking morpholinos on enteric neurogenesis in zebrafish embryos. The neuronal marker Hu is expressed by all enteric neurons in wild-type fish and at 4dpf Hu positive cells are present throughout the gut tube including the intestinal bulb ( Fig. 2A) . Following injection of a translation blocking morpholino (retMO), we observe an absence of Hu positive neurons in the distal region of the gut tube (Fig. 2B) . A small number of enteric neurons can be found in the intestinal bulb of the anterior gut tube, but never in the distal most regions. Equivalent failure of enteric neurons to colonize the distal gut was observed using a splice blocking morpholino that prevented splicing at the exon 1-intron 1 boundary of ret, leading to production of a severely truncated form of Ret, which is likely to be non-functional (data not shown). These results are consistent with previous findings using a different translation blocking morpholino directed against ret, which leads to absence of enteric neurons in the distal gut (Shepherd et al., 2004) . In contrast, fish Analysis of genomic sequences reveals that in zebrafish, alternative splicing at exon 19 can lead to generation of two isoforms of ret. Splicing to exon 20 generates ret51, whereas an absence of splicing generates ret9 from intronic sequences. (B) Sequence alignment using ClustalW 1.83 shows that zebrafish Ret9 amino acid sequences are identical to mouse and human RET9, and that zebrafish Ret51 sequences show significant sequence homology to mouse and human RET51, with 67% amino acid identity to each, including tyrosines (Y) at positions 1090, and 1096. Y1062, which is present in both Ret9 and Ret51, is also conserved. In alignment, ''*'' indicates identical amino acids, '':'' indicates conserved substitutions, and ''.'' indicates semi-conserved substitutions (C) RT-PCR analysis of 24hpf zebrafish embryos using primers specific to ret9 and ret51 reveals that both isoforms are produced. These primers show no contaminating genomic DNA amplification in the ''no RT'' controls.
injected with a standard control morpholino or a control 5 base pair mismatch ret morpholino show no effect on ENS neuron number or distribution ( Fig. 2A and Supplementary Figure 1B) .
The failure of enteric precursors to colonize the gut in the absence of Ret function in zebrafish phenocopies the failure of enteric neurons to colonize the bowel in the Ret null mutant mouse (Durbec et al., 1996; Schuchardt et al., 1994) . Although absence of Ret leads to total intestinal aganglionosis, reduced levels of RET activity are associated with partial colonization of the gut by enteric neurons, manifested in humans as HSCR. To examine whether an HSCR-like phenotype can be reproduced in zebrafish by titrating levels of Ret, different quantities of retMO were injected into zebrafish embryos. While zebrafish injected with 1ng retMO showed apparently normal colonization of the distal gut by enteric neurons (Fig. 2C) , injection of increasing amounts of retMO leads to a progressively reduced extent of enteric neuron colonization (compare Fig. 2D to 2B). Interestingly, although retMO injection leads to an overall reduction of enteric neuron number, these reduced numbers are not distributed evenly throughout the gut, but rather are restricted to progressively more anterior segments with increasing levels of retMO. These effects have been quantified by counting Hu positive enteric neuron numbers in the 'mid-intestinal region' (MI) and the distal 'posterior intestine' (PI) (as defined by Ng et al., 2005) . Control fish at 4dpf contain 98.8 ± 8.7 Hu positive neurons in the MI and 30.8 ± 2.3 Hu positive neurons in the PI, whereas fish injected with intermediate levels of retMO (3 ng) contain 29 ± 7.6 Hu positive neurons in the MI and 0 Hu positive neurons in the PI (n = 5, p < 0.01). This result suggests that colonization of the zebrafish gut by enteric neurons is dosedependent on the levels of Ret signalling, and may correspond to the distal aganglionosis observed in HSCR patients carrying heterozygous mutations in RET (Brooks et al., 2005) .
Interestingly, increasing retMO dosage does not affect neuronal subtype differentiation, since the number of 5-HT positive serotonergic neurons remains proportional to the number of Hu positive cells (1.90 ± 0.3 in control and 1.88% ± 0.02 in 3ngretMO, n = 5 of each condition, p = 0.99).
Moreover, no significant differences are observed in the PI and MI region of control versus 3ngretMO injected fish at 4dpf in either number of proliferative cells, as detected using a phospho-histone 3 (pH 3) antibody (15 ± 2.2 in control and 17.4 ± 3.2 in 3ngretMO, n = 5 of each condition, p = 0.21), or in the number of cells undergoing cell death, as detected using a cleaved caspase 3 (Cc3) antibody (0.4 ± 0.24 in control and 0.2 ± 0.2 in 3ngretMO, n = 5 of each condition, p = 0.54). Taken together, these results suggest that the dose-dependent effect of Ret lev- c els on enteric neuron colonization are affecting early stages of enteric precursor proliferation, survival and migration, and that neurons which do colonize the gut undergo a normal program of development and differentiation. Again, this result is consistent with the apparently normal development, differentiation, and function observed in proximal ganglionated gut regions of HSCR patients (Newgreen and Young, 2002a) .
2.3.
The zebrafish Ret51 isoform is not required for complete colonization of the gut by enteric precursors
In mouse, RET9 is required for normal distal colonization of the gut by enteric neurons, whereas RET51 is dispensable for this process (de Graaff et al., 2001) . To determine if the Ret51 isoform was required for normal ENS development in zebrafish, we designed a splice blocking morpholino oligo to bind to the exon 19-intron 19 boundary of the primary ret transcript. We anticipated that this splice blocking morpholino (ret51SpMO) should block the production of ret51 and lead to the exclusive production of the ret9 isoform (see Fig. 1A ). RT-PCR using RNA from embryos injected with ret51SpMO (ret51Sp morphants), generates bands of the appropriate size to signify that this morpholino blocks splicing between exon 19 and exon 20 (Fig. 3A) . Moreover, cloning and sequencing of the RT-PCR products verified that the ret51SpMO blocks the normal splicing event required to generate ret51, thus leading to the sole production of the ret9 isoform. ret51Sp morphants were analyzed at 4dpf to identify the extent of enteric neuron colonization of the gut. In these embryos, Hu positive neurons were present along the length of the gut tube, including the distal regions of the gut ( Fig. 3C ), equivalent to control morpholino injected fish (Fig. 3B ) or fish injected with a control five base pair mismatch ret51Sp morpholino (Supplementary Figure  1C and D) . Moreover equivalent number and distribution of 5-HT positive serotonergic neurons are detected in ret51Sp MO and control MO injected fish (Supplementary Figure 2A and B) . A small, but not statistically significant, reduction in Hu positive enteric neuron number in the MI and PI could be seen in ret51Sp morphants relative to controls (41 ± 7.9 versus 50 ± 7.2, n = 3 of each condition, p = 0.22). Therefore, these results indicate that absence of Ret51 does not interfere with the ability of enteric neurons to colonize distal gut regions and contrasts with the failure of enteric neurons to colonize distal regions following retMO RT-PCR analysis reveals that use of a splice blocking morpholino directed against ret51 sequences ret51SpMO on zebrafish embryos, leads to a dose-dependent block of splicing between exon 19 and exon 20, and therefore the loss of the spliced isoform of ret, ret51. RT-PCR on uninjected control fish Un, shows clearly the presence of spliced isoform of ret, ret51. Use of 1ng ret51SpMO leads to a significant reduction of splicing required to generate ret51, whereas use of 3 ng or 6 ng ret51SpMO results in the absence of splicing necessary to generate ret51, and leads to exclusive production of the unspliced form of ret, ret9. The no RT control shows low levels of amplification of contaminating genomic DNA, which as expected, amplifies a band identical in size to the unspliced RNA band. (Fig. 3D) . Therefore, as in mouse (de Graaff et al., 2001) , activity of the Ret51 isoform is not required in zebrafish for normal distal colonization of the gut by enteric neurons. Unfortunately, similar morpholino strategies cannot be used to inhibit production of the Ret9 isoform, which is generated due to an absence of splicing. However, taken together, our results show that while Ret is required for distal enteric neuron colonization of the gut, the Ret51 isoform is not required. Therefore, we can infer that, as in mouse, the critical isoform for Ret regulating enteric neuron colonization of the gut in zebrafish is the Ret9 isoform.
2.4.
Mouse genes identified on the basis of their postmigratory ENS expression are also expressed during phases of enteric precursor migration
The requirement of Ret activity for ENS development in both teleosts and mammals, the conserved complement of Ret isoforms in these organisms, and the ability of Ret9 to support ENS development in zebrafish and mice suggest a conservation of signalling pathways that control enteric neurogenesis throughout vertebrate evolution. To further explore the extent to which the mechanisms controlling ENS development have been conserved during evolution, we have carried out a cross-species comparison of gene expression in the developing ENS of zebrafish and mice. To do this we have examined the pattern of expression of genes that had been previously identified in a genome-wide screen as ENS specific within the gut of E15.5 mouse embryos (Heanue and Pachnis, 2006) . We have selected to focus on a subset of these genes, representing diverse functional classes. Among these are the gene encoding the cell adhesion molecule L1cam, Dpysl3, encoding a collapsin response-mediator protein, and Fgf13 (also known as Fhf2), encoding a protein with homology to fibroblast growth factors (FGFs). Our previous work showed that all of these genes are expressed in the developing ENS at E15.5 (Heanue and Pachnis, 2006) , a time-point in which colonization of the gut by enteric precursors is complete and neuronal differentiation is well underway (reviewed in Heanue and Pachnis, 2007) . We now describe their profiles of gene expression during key stages of ENS development relative to that of Ret. Ret is expressed in ENCCs as they begin to colonize the developing foregut at E9.5 (Fig. 4A) , as ENCCs migrate through the developing gut at E11.5 (Fig. 4B) (Durbec et al., 1996) , and continues to be expressed at E15.5, following completion of enteric precursor migration (Fig. 4C) , representing expression in enteric precursors and differentiating enteric neurons (Young et al., 2003) . L1cam is expressed in a population of ENCCs entering the developing foregut at E9.5 (Fig. 4D) , in ENCCs within the developing gut at E11.5 (Fig. 4E , see also Anderson et al., 2006) as well as following complete colonization of the gut by enteric neurons (Fig.  4F ). Dpysl3 expression is not detectable in ENCCs at E9.5 (Fig.  4G ), but expression is observed in a population of ENCCs within the E11.5 gut (Fig. 4H) , and is also observed after ENCC colonization of the gut is complete at E15.5 ( Fig. 4I) . In contrast, Fgf13 expression is not observed in ENCCs initially entering the foregut (Fig. 4J) , and is observed at low levels in only a small number of ENCCs in the E11.5 gut (Fig. 4K) . By E15.5, however, Fgf13 is expressed widely within the post-migratory ENCCs (Fig. 4L) . In summary, the expression profile of L1cam is similar to Ret, being expressed from earliest stages of ENCC migration, whereas Dpysl1 and Fgf13 are expressed only at progressively later stages of ENS development.
Zebrafish orthologues of L1cam, Dpysl3, and Fgf13 represent novel ENS expressed genes
By screening through zebrafish genomic and EST databases we identified orthologues of L1cam, Dpysl3, and Fgf13 (now annotated within NCBI and ZFIN databases), and are identified as follows: L1cam orthologues nadl1.1 and nadl1.2 (with 40.3% and 50.0% homology, respectively), Dpysl3 orthologue dpysl3 (with 84.7% homology), and Fgf13 orthologues fgf13 and fgf13l (with 94.3% and 91.2% homology, respectively). We have cloned cDNA fragments corresponding to each of these genes by RT-PCR, some of which have been also cloned independently (Schweitzer et al., 2005; Tongiorgi et al., 1995) . We analyzed the expression profiles of these genes during key stages of ENS development in zebrafish: at 40hpf, when enteric precursors are migrating as two streams into the developing anterior gut (as marked by ret expression, Fig. 5A and B) , at 48hpf when enteric precursor migration into the gut is advancing (data not shown), and at 60hpf when colonization of the gut is almost complete (as marked by ret expression, Fig. 5C ). We find that all of the orthologous zebrafish genes identified are expressed in the ENS, with the exception of fgf13 ( Fig. 5 and data not shown) . Interestingly, while nadl1.2 is clearly expressed in a pattern consistent with expression within the migratory enteric precursor population at 40hpf (Fig. 5G and H) , the nadl1.1, dpysl3, and fgf13l expression profiles at 40hpf or 48hpf are not indicative of expression in early migratory enteric precursors (Fig. 5D , E, J, K, M, N, and data not shown). At 60hpf, however, all four zebrafish orthologues are expressed in a pattern consistent with ENS expression ( Fig. 5C, F, I , L, and O). To determine conclusively whether these expression profiles did indeed reflect expression in the ENS, we compared the expression of these genes within retMO injected fish (ret morphants), which lack enteric neurons in the gut. In 3dpf ret morphants, expression of nadl1.1, nadl1.2, dpysl3, and fgf13l is absent within the gut (Fig. 6B, D , F, and H), strongly indicating that the normal domains of expression are within neural crest derived ENS (Fig. 6A, C , E, and G), and not within other populations of cells in the gut endoderm or mesoderm. Interestingly, fgf13l appears to be expressed in a subset of the ENS (Fig. 6G) .
This cross-species study has, therefore, allowed identification of nadl1.1, nadl1.2, dpysl3, and fgf13l, as four novel markers of ENS development in zebrafish. Moreover, L1cam and nadl1.2 are similarly expressed in the early migrating population of enteric precursors, whereas Dpysl3, dpysl3, Fgf13, and fgf13l are expressed at later stages of ENS development. These findings further demonstrate the similarities between zebrafish and mouse ENS development, and suggest a broad conservation of mechanisms regulating enteric nervous system development across vertebrate evolution.
Discussion
Dosage dependence for Ret in zebrafish ENS development is analogous to that exhibited in HSCR
These studies of Ret function in zebrafish indicate that Ret is required in a dose-dependent manner for normal colonization of the gut by enteric neurons. The distally pronounced reduction in enteric neuron number following intermediate levels of retMO injection resembles the distal aganglionosis phenotypes evident in human HSCR patients. Heterozygous mutations in RET are the most common underlying defect in both inherited and sporadic HSCR, and these cases can be further categorized into two types, according to the extent of aganglionosis (reviewed in Heanue and Pachnis, 2007) . The most common form is short-segment HSCR (S-HSCR), which affects the rectum and a short portion of the colon, while long-segment HSCR (L-HSCR) affects greater lengths of the colon, only rarely presenting as total colonic or total intestinal aganglionosis. Interestingly, a correlation between the levels of RET on the cell surface and the severity of HSCR is suggested by the fact that mutations associated with L-HSCR more severely affect RET cell surface expression than those associated with S-HSCR mutations .
Additional evidence that levels of functional RET affect HSCR presentation come from several sources. For example, some common RET mutations found in HSCR occur in the extracellular domain and lead to reduced levels of RET cell surface expression, most likely due to incorrect folding (reviewed in Takahashi, 2001 ). Additionally, it has been proposed that non-coding mutations at the RET locus account for susceptibility to HSCR in all cases, and these mutations affect the timing, location or levels of RET expression (Bolk et al., 2000; Plaza-Menacho et al., 2006) . We conclude, therefore, that the dose-dependent role for Ret in regulating distal enteric neuron colonization observed in our morpholino experiments are entirely consistent with evidence in human that sensitivity to levels of RET are a key influence in HSCR presentation. Zebrafish is thus strongly supported as an important model organism for understanding HSCR.
Interestingly, sensitivity to levels of RET is not observed in mice carrying heterozygous null mutations in Ret, which exhibit normal colonization of the gut by ENCCs (Durbec et al., 1996; Schuchardt et al., 1994) . This result suggests that 50% levels of RET is sufficient for normal mouse ENS development, at least within the inbred laboratory strains tested. Instead, Ret 51/51 mutants exhibit distal aganglionosis phenotypes similar to HSCR (de Graaff et al., 2001) . In this experimental model, RET appears to be expressed at normal levels, and it has therefore been proposed that qualitative differences in RET signalling (due to absence of the RET9 isoform and associated downstream effector signalling) may account for the observed HSCR-like phenotypes (de Graaff et al., 2001 ).
Ret isoform function conserved between mouse and zebrafish
The role of RET isoforms in regulating ENS development appears to be conserved between mouse and zebrafish, since in both cases the RET51 (or Ret51) isoform is dispensable for normal enteric neuron colonization of the gut. Although the Ret 9/9 mouse and the ret51Sp morphants do not express RET51 or Ret51, respectively, and exclusively express RET9 or Ret9, respectively, enteric neurons are capable of colonizing the distal gut (de Graaff et al., 2001) . The amino acid sequences of the two isoforms of mouse RET, RET9 and RET51, diverge from one another immediately after Y1062, a tyrosine residue shown to be essential for ENS development (Jain et al., 2006; Wong et al., 2005) . Despite evolutionary conservation of tyrosine residues contained within RET51 (Y1090 and Y1096) ( Fig. 1B) , our experiments suggest that these tyrosines are not required for ENCC colonization, in agreement with studies in the mouse (de Graaff et al., 2001) . These residues are also not required for transformation activity of the oncogenic forms of RET . However, one missense mutation associated with HSCR (M1064T) affects the carboxy-terminal region specific to the RET51 isoform, suggesting that this isoform function is essential for enteric nervous system development (Attie et al., 1995) . An intriguing further set of studies show that a recurrent polymorphism associated with HSCR affects the relative levels of Ret9 and Ret51 (Griseri et al., 2002) . Together these findings suggest that while Ret51 and RET51 are not required for ENS development, when present, this isoform could influence normal ENS development.
Orthologous genes are expressed in the ENS
Due to a genome duplication which occurred at the base of the teleost radiation, zebrafish often have two homologues of the orthologous mammalian gene (Ohno, 1970) . Subsequently, however, many duplicated genes were lost, leaving only a single teleost orthologue (Jaillon et al., 2004) . Of the duplicated genes that remain, many have undergone divergence in their spatial and temporal expression profiles. According to the 'duplication-degeneration-complementation' (DDC) model (Force et al., 1999) , three fates are possible for the new paralogues: non-functionalization, in which one paralogue is lost, neofunctionalization, in which one paralogue acquires a new function or gene regulation while the other maintains the ancestral function or gene regulation, and subfunctionalization, in which each paralogue loses part of the ancestral function or gene regulation and both are required for full function or to display the full complement of gene expression. Examples of gene duplications and divergence are evident amongst the zebrafish genes identified in our studies. The orthologues of the mouse ENS expressed gene Fgf13, are the paralogous genes fgf13 and fgf13l, however only fgf13l has maintained expression within the zebrafish ENS, perhaps representing maintenance of ancestral function by fgf13l, and neofunctionalization of the non-ENS expressed fgf13. In contrast, the orthologues of the mouse ENS expressed gene L1cam, nadl1.1, and nadl1.2, are both expressed in the ENS. Despite this preservation of ENS expression within the L1cam orthologues, subtle differences in their two expression patterns can be identified (see also below). L1cam paralogues are likely to be examples of either subfunctionalization or neofunctionalization of the ancestral L1cam function within the ENS lineage, and detailed comparative expression analysis between mouse and zebrafish may clarify this point. Finally, we identified only a single orthologue of Dpysl3, and we can speculate that this is an example of gene loss following genome duplication (non-functionalization). While genome duplication and divergence can confound a simple translation between zebrafish and mouse in terms of gene identity and gene expression, it would appear that in our study ENS expression of these genes is sufficiently preserved to make this leap possible.
Like Ret and ret, L1cam and nadl1.2 are expressed in early migrating enteric precursors as they enter the foregut/gut, although in a smaller number of cells than are observed to express Ret or ret, and expression of L1cam and nadl1.2 is maintained in the ENS at later stages. nadl1.1 expression, however, is only detectable at later stages of ENS development. Previous reports of nadl1.1 and nadl1.2 expression in the central nervous system describe both genes as being expressed within post-mitotic neurons (Tongiorgi et al., 1995) . However, within the ENS, nadl1.2 is expressed prior to onset of expression of the neural differentiation marker Hu within the enteric lineage. Thus, these observations suggest that within the ENS, nadl1.2 is expressed within neural precursors, whereas the later onset of nadl1.1 expression is consistent with expression in post-mitotic neurons. L1cam, nadl1.1, and nadl1.2 encode cell adhesion molecules, and within the mammalian central nervous system L1cam is known to regulate both neuronal migration and axonal pathfinding (reviewed in Maness and Schachner, 2007) . Therefore, in the ENS these adhesion molecules may mediate the cellular contacts between migratory enteric precursors and their gut environment, as well as contacts within the pool of migratory ENS.
Interestingly, L1cam
À/À mice exhibit only very slight delays in ENCC migration at E11.5, however this delay is overcome by E12.5, thus allowing complete colonization of the gut by ENCCs (Anderson et al., 2006) . Therefore, although a requirement for L1cam has been established for other neuronal populations (Maness and Schachner, 2007) , L1cam is not required for normal ENS development in mouse. The function of the zebrafish orthologues nadl1.1 and nadl1.2 during ENS development remains to be determined. Given the observed differences in nadl1.1 and nadl1.2 expression, nadl1.2 alone may function during early neuronal migration, whereas both nadl1.1 and nadl1.2 act together in regulating later neuronal colonization and axonal pathfinding.
Although expression of Dpysl3 and Fgf13 and their orthologues is detected in the ENS lineage in mouse and zebrafish, we have observed both similarities and differences in their profiles of gene expression, which may have implications for their respective functions. In the case of Dypsl3 and dpysl3 or Fgf13 and fgf13l, expression of the orthologous genes is equivalent and is first detected as enteric neurons are colonizing the gut, but not at earlier stages of enteric precursor invasion of the foregut/gut. The ENS expression profile of Dpysl3 and dpysl3, putative mediators of the attractive and repulsive guidance mechanisms regulated by semaphorin signalling (reviewed in Schmidt and Strittmatter, 2007) , may indicate that these guidance mechanisms act during directed and organized colonization of the gut or during the establishment of appropriate connections of ENS axonal network. Although Fgf13 and fgf13l encode proteins with homology with FGFs (classed as FGF homologous factors, or FHFs), FGF13 is not secreted, and does not activate FGF receptors, and instead can be either nuclear localized or cytoplasmic (reviewed in Goldfarb, 2005) . Expression of Fgf13 and fgf13l at later stages ( Figs. 4L and 5O) , and apparently within a subpopulation of ENS (Fig. 6G ), may reflect a role in later neuronal function, since Fhfs can bind to the intracellular domains of voltage-gated sodium channels within neurons and may regulate action potentials (Goldfarb, 2005) .
Our cross-species approach directed us to zebrafish genes expressed in the ENS. Although the expression profiles of some of these genes were partially described previously (Schweitzer et al., 2005; Tongiorgi et al., 1995) , the ENS expression was uncharacterized. This point highlights the importance of directed screens of gene expression in tissues of interest, in addition to generalized expression screens.
Zebrafish as a robust model for vertebrate ENS development
This study has revealed that the similarities between mouse and zebrafish ENS are more extensive than previously appreciated. In particular, the identification of differential requirement for the Ret isoforms in regulating ENS development, consistent with those observed in mouse, indicates that the key signalling events occurring downstream of Ret are likely to be conserved between zebrafish and mouse. Accordingly, this highlights the usefulness of future gene manipulation of zebrafish, to uncover those aspects of Ret signalling that are required for ENS development, and to identify key Ret signal transduction mediators.
These studies also further support zebrafish as a general model for vertebrate ENS development and as a tool for screening gene function during vertebrate ENS development. We have previously identified hundreds of ENS expressed genes in the mouse (Heanue and Pachnis, 2006) . Our current findings suggest that use of this mouse gene list to continue a cross-species screen can uncover new markers of zebrafish ENS development. Moreover, mutations in these genes may be responsible for some of the mutant phenotypes identified in zebrafish forward genetic screens and thus constitute candidate HSCR disease genes.
4.
Experimental procedures
Embryo collection
Maintenance, collection and staging of zebrafish were conducted as described in the Zebrafish Book (Westerfield, 2000) , and embryos reared in 0.15 mM PTU (1-phenyl-2-thiourea) to prevent melanization of embryos. Approximate stages were assigned in hours or days post-fertilisation (hpf or dpf, respectively) at 28°C according to morphological criteria (Kimmel et al., 1995) . Parkes outbred mice were used for whole-mount in situ hybridization. The day of the vaginal plug was considered as embryonic day (E) 0.5.
Antisense morpholino oligo injections
Sequences of antisense morpholino oligonucleotides (MO) (Gene Tools LLC) are as follows: ret translation blocking MO (ret): ACACGATTCCCCGCGTACTTCCCAT;
ret splice blocking MO (retSp): AGTATAAACCCTTACCTTCA GACAG;
ret51 splice blocking MO (ret51Sp): TGACATGCCTAAAAACGAG AACATA; Gene Tools standard control morpholino (CCTCT TACCTCAGTTACAATTTATA); ret mismatch MO, mismatches underlined, (ACACCATTGCCCCCGTAGTTCCGAT); ret51Sp mismatch MO, mismatches underlined (TCACATCCCTATAAACCAGA AGATA). MOs were resuspended in sterile water and purified using a G25 MicroSpin column (Amersham) and quantified. Approximately 1.2 nl of MO was injected into the one-to two-cell stage embryo using a microinjection apparatus using defined MO concentrations to allow injection of 1-9 ng of MO. The efficacy of ret51Sp MO action was assessed by RT-PCR, using primers that span the exon 19-exon 20 border. Following MO injection, 20 embryos from a given MO injection concentration were harvested for RT-PCR analysis, while the remaining embryos were allowed to continue to develop to 4dpf for analysis of ENS precursor migration using the anti-Hu antibody. For RT-PCR experiments, RNA was isolated from the 24hpf dechorionated zebrafish, by first homogenizing using a needle and the QIAshredder kit (Qiagen), and then isolating total RNA using the RNAeasy kit (Qiagen). RT-PCR was performed using the SuperScript One-Step RT-PCR system (Invitrogen). Primers were used as follows: Fwd (ret51Fwd) -CCCTCCACTTGGATTGAAAA, and Rev (ret51SpMORevSpliced) -TCGTCTCGGTCATGCATTTA. Normal splicing of exon 19-exon 20 should generate a 506 bp fragment, whereas a block of splicing yields a 1370 bp band fragment. Following identification of appropriate sized bands on agarose gels, these bands were gel isolated using the QIAquick gel extraction kit (Qiagen), cloned into the pGEM-T Easy vector (Promega), and sequence verified.
RT-PCR analysis of ret isoforms
Specific primers were designed to detect putative ret9 and ret51 isoforms by RT-PCR. Total RNA was isolated from 24hpf dechorionated zebrafish, and RT-PCR performed as above. Primers used to specifically detect ret9 were: Fwd -GAGCAA GGGTCGTATTCCTG, Rev -GAATCTAGTAAATGCATGGGAAA, and to detect ret51 were: Fwd -TGGCAGAAGGAAGGAAGATG, Rev -AGACAGGGTTAGTGGCATCG.
4.4.
Isolation of zebrafish orthologues of mouse ENS-expressed genes Zebrafish orthologues of the mouse ENS-expressed genes Dpysl3, Fgf13, and L1cam can be identified by comparative sequence analysis, and through annotation in NCBI and ZFIN databases, and are identified as dpysl3, fgf13l, nadl1.1, and nadl1.2, respectively. Probe templates were generated by RT-PCR amplification of gene fragments using specific primers corresponding to the gene of interest as follows: dpysl3, Fwd -GGCAAAAAGAA CATCCCAAA, Rev -GGGACTGAGAGGTGGTGATG, RT-PCR amplifies an 897 bp fragment corresponding to 5 0 coding sequence (cds) of dpysl3 (AY987373), cloned into pGEM-T Easy, sequence verified and named dpysl3 #2; fgf13l, Fwd -GCTCAAGGGGATAGTCAC CA, Rev -TCGCACAAGCTGCTATTGTC, RT-PCR amplifies an 866 bp fragment corresponding to cds and 3 0 UTR of fgf13l (NM_205702), cloned into pGEM-T Easy, sequence verified and named fgf13l #1; nadl1.1, Fwd -GGTGACGGAGTTCACACTGA, Rev -TCATTAAT-TAGGCCCCAGGA, RT-PCR amplifies an 865bp fragment corresponding to 3 0 cds and 3 0 UTR of nadl1.1 (NM_131383), cloned into pGEM-T Easy, sequence verified, and named nadl1.1 #1; nadl1.2, Fwd -AAAGGATGGCCCAGACAAAT, Rev -GTTGTGTGTGCA GGTCTCGT, RT-PCR amplifies a 738 bp fragment corresponding to 3 0 cds and 3 0 UTR of nadl1.2 (AY376856). Cloned into pGEM-T Easy, sequence verified and named nadl1.2 #3.
4.5.
Antibody staining and RNA in situ hybridisation
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